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(54) Method of forming carbon nanotubes 



includes: growing a carbon nanotube layer on a sub- 
strate to have a predetermined thickness by plasma 
deposition; purifying the carbon nanotube layer by plas- 
ma etching; and repeating the growth and the purifica- 
tion of the carbon nanotube layer. For the plasma etch- 
ing, a halogen-containing gas, for example, a carbon 
tetrafluoride gas, is #used as a source gas. 
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(57) An easy method of forming purified carbon na- 
notubes from which graphitic phase or carbon particles 
are removed, using a high-density plasma. Carbon na- 
notubes are grown on a substrate using a plasma chem- 
ical vapor deposition method at a high plasma density 
of 10 11 cm' 3 or more The carbon nanotube formation 
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Description 

[0001] The present invention relates to a method of 
forming carbon nanotubes, and more particularly, to the 
growth and purification of carbon nanotubes using plas- 5 
ma. 

[0002] Carbon, the most important constituent ele- 
ment, which is combined with oxygen, hydrogen, nitro- 
gen and the like, of ail organisms including the human 
body, has four unique crystalline structures including io 
diamond, graphite, fullerene and carbon nanotubes. In 
particular, carbon nanotubes refer to a helical tubular 
structure grown with a single wall or multi-wall, which 
can be obtained by rolling up a sheet formed of a plu- 
rality of hexagons, the sheet formed by combining each 15 
carbon atom thereof with three neighboring carbon at- 
oms. The carbon nanotubes have a diameter in the or- 
der of a few nanometers to a few hundred nanometers. 
Carbon nanotubes can function as either a conductor, 
like metals, or a semiconductor, according to the rolled 20 
shape and the diameter of the helical tubes. Also, its 
hollow structure with a predetermined length allows for 
good mechanical, electrical and chemical properties, so 
that carbon nanotubes are known to be a material for 
field emission devices, hydrogen containers and elec- 25 
trodes of rechargeable batteries. 
[0003] Originally, carbon nanotubes produced by an 
arc discharge between two graphite rods was discov- 
ered and reported in an article entitled "Helical Microtu- 
bules of Graphitic Carbon" (Nature, Vol. 354, 7 Novem- so 
ber 1991 , pp. 56-58) by Sumio lijima. This technique is 
commonly used to produce carbon nanotubes, howev- 
er, yield of pure carbon nanotubes with respect to the 
end product is only about 1 5%. Thus, a complicated pu- 
rification process must be carried out for particular de- 35 
vice applications. 

[0004] Another conventional approach to produce 
carbon nanotubes, which was described in an article en- 
titled "Epitaxial Carbon Nanotube Film Self -organized 
by Sublimation Decomposition of Silicon Carbide" (Appl. 40 
Phys. Lett. Vol. 71, pp. 2620, 1977), by Michiko Kusu- 
noki, is to produce carbon nanotubes at high tempera- 
tures by irradiating a laser onto graphite or silicon car- 
bide. In this case, the carbon nanotubes are produced 
from graphite at about 1 200°C or more and from silicon 45 
carbide at about 1600 to 1 700°C. However, this method 
also requires multiple stages of purification and increas- 
es the cost. In addition, this method has difficulties in 
large-device applications. 

[0005] A method of producing carbon nanotubes 50 
through a thermal decomposition of hydrocarbon series 
gases by chemical vapor deposition (CVD) was report- 
ed by W.Z. Li et aJ. in an article entitled "Large-Scale 
Synthesis of Aligned Carbon Nanotubes" (Science, Vol. 
274, 6 December 1 996, pp. 1 701 -1 703). This technique 55 
is merely applicable with a gas that is unstable, such as 
acetylene or benzene. For example, a methane (CH 4 ) 
gas cannot be used to produce carbon nanotubes by 



this technique. 

[0006] It is an objective of the present invention is to 
provide a method of forming carbon nanotubes, in which 
carbon nanotubes are grown with a high density using 
a high-density plasma. 

[0007] It is another objective of the present invention 
to provide a method of forming carbon nanotubes, in 
which carbon nanotubes are purified by removing 
graphite or carbon particles using a high-density plas- 
ma, so that carbon nanotubes can be easily grown with 
a high density. 

[0008] To achieve the first objective of the present in- 
vention, there is provided a method of forming carbon 
nanotubes, in which a carbon nanotubes layer is grown 
on a substrate using a plasma chemical vapor deposi- 
tion method at a high density of 10 n cm -3 or more. Pref- 
erably, the substrate is an amorphous silicon or polysil- 
icon substrate on which a catalytic metal layer is formed. 
In the growth of the carbon nanotube layer, a hydrocar- 
bon series gas may be used as a plasma source gas, 
the temperature of the substrate may be in the range of 
600 to 900°C, and the pressure may be in the range of 
10 to 1000 mTorr. 

[0009] To achieve the second objective of the present 
invention, there is provided a method of forming carbon 
nanotubes, comprising growing a carbon nanotube lay- 
er on a substrate to have a predetermined thickness by 
plasma deposition. Next, the carbon nanotube layer is 
purified by plasma etching. Then the growth and the pu- 
rification of the carbon nanotube layer are repeated. 
[0010] Preferably, growing the carbon nanotube layer 
is carried out by a plasma chemical vapor deposition 
method at a high plasma density of 10 11 cm 3 or more. 
In purifying the carbon nanotube layer, a halogen-con- 
taining gas or an oxygen-containing gas may be used 
as a plasma source gas for etching. 
[0011] According to the present invention, high-den- 
sity carbon nanotubes can be grown by decomposing a 
stable CH 4 gas with high-density plasma. Also, high-pu- 
rity carbon nanotubes can be formed easily by repeating 
the growth and purification of carbon nanotubes. 
[0012] The above objectives and advantages of the 
present invention will become more apparent by de- 
scribing in detail preferred embodiments thereof with 
reference to the attached drawings in which: 

FIG. 1 is a sectional view showing a substrate for 
use in the formation of carbon nanotubes according 
to a preferred embodiment of the present invention; 
FIGS. 2through 6 are sectional views illustrating the 
stages of forming carbon nanotubes according to 
the preferred embodiment of the present invention; 
FIG. 7 is a scanning electron microscope (SEM) im- 
age of the plane of the carbon nanotubes formed in 
the preferred embodiment of the present invention; 
FIG. 8 is a SEM image of a vertical section of the 
carbon nanotubes formed in the preferred embodi- 
ment of the present invention; 



2 



3 



EP1 046 613 A2 



4 



FIG. 9 is atransmission electron microscope (TEM) 
image of the carbon nanotubes formed in the pre- 
ferred embodiment of the present invention; 
FIG. 10 is a magnified TEM image of the carbon 
nanotubes formed in the preferred embodiment of 
the present invention; and 
FIG. 11 is a graph comparatively showing fie Id emis- 
sion properties between carbon nanotubes formed 
in the preferred embodiment of the present inven- 
tion and carbon nanotubes formed by aconverrtion- 
al method. 

[0013] The present invention will now be described 
more fully with reference to the accompanying draw- 
ings, in which preferred embodiments of the invention 
are shown. This invention may, however, be embodied 
in many different forms and should not be construed as 
being limited to the embodiments set forth herein. Rath- 
er, these embodiments are provided so that this disclo- 
sure will be thorough and complete, and will fully convey 
the concept of the invention to those skilled in the art. 
[0014] Referring to FIG. 1 , a substrate for use in the 
formation of carbon nanotubes according to a preferred 
embodiment of the present invention is shown. A silicon 
thin film 12 and a catalytic metal layer 1 3 are formed in 
sequence on a predetermined substrate 11. The sub- 
strate 11 is a rigid insulating substrate that can endure 
a subsequent plasma process. In the present embodi- 
ment, a glass substrate, which allows for easy deposi- 
tion of the silicon thin film 1 2 thereon, is used The silicon 
thin film 1 2 may be formed of amorphous silicon or poly- 
silicon. The catalytic metal layer 13 may be formed of a 
transition metal, such as nickel, cobalt and iron, or an 
alloy thereof. 

[0015] In the present embodiment, amorphous silicon 
is deposited on the substrate 11 to a thickness of a few 
hu ndred to a few thousand angstroms, and nicke I is then 
deposited thereon to a thickness of a few tens to a few 
hundreds of angstroms. When the silicon thin film 12 is 
formed of amorphous silicon and a subsequent plasma 
deposition process illustrated in FIG. 2 is carried out at 
a temperature of 600°C or more, the nickel deposited 
thereon diffuses into the amorphous silicon thin film 1 2, 
which results in a metal-induction crystalized polysilicon 
thin film 14 shown in FIG. 2. The crystallization of the 
amorphous silicon thin film is facilitated by the diffusion 
of metal into the amorphous silicon thin film, and occurs 
during the formation of carbon nanotubes without need 
for additional steps. Also, a considerable amount of 
nickel present on the surface of the polysilicon thin film, 
which is left over from the metal-induction crystalliza- 
tion, acts as a catalytic metal for growing carbon nano- 
tubes in a subsequent process. 
[0016] Then, a carbon nanotubes layer is grown on 
the catalytic metal layer 13. FIGS. 2 through 6 are sec- 
tional views illustrating the stages of forming carbon na- 
notubes according to the preferred embodiment of the 
present invention. 



[0017] First, referring to FIG. 2, the substrate 11 with 
the catalytic metal layer 1 3 is put into a plasma chemical 
vapor deposition apparatus to grow a carbon nanotube 
layer 15. In the present embodiment, an inductively cou- 
5 pled plasma apparatus (ICP) capable of generating 
high-density plasma by application of radio frequency 
(RF) power, was used. The source gas of deposition 
plasma 1 8 for the growth of the carbon nanotube layer 
15 may be a hydrocarbon series gas including carbon 
f 0 atoms, such as acetylene or benzene. In the present 
embodiment, methane (CH 4 ) was used and flowed at 
10 seem. At this time, helium (He) was supplied together 
at 1 0 seem. For the g rowth of the carbon nanotube layer 
15, RF power was maintained at 1 kW, the temperature 

is of the substrate 1 1 was maintained at 600 to 900°C, and 
the inner pressure of the apparatus was maintained at 
1 0 to 1 000 mTo rr. In orde r to facil itate reactions for the 
growth of the carbon nanotube layer 1 5, a nitrogen (N 2 ) 
gas or hydrogen (H 2 ) gas may be added. 

20 [0018] In the present embodiment, the deposition 
plasma 18 is maintained at a high density of 10 11 cm- 3 
or more, and the carbon nanotube layer 15 is grown to 
a desired thickness in the range of 3 to 300 nm. The 
thickness of the carbon nanotube layer 15 increases 

25 with an increase in deposition time, and the deposition 
time can be varied in the range of a few seconds to a 
few hundred seconds. In a plasma deposition mode, 
graphitic phase or amorphous carbon particles are also 
formed at the end or the sidewalls of the carbon nano- 

30 tubes during the growth of the carbon nanotube layer 
15, so that the density of pure carbon nanotubes being 
grown is very low. 

[0019] As previously described, where the amor- 
phous silicon thin film 12 and the catalytic metal layer 

35 13 are formed on the substrate 11 , the catalytic metal 
diffuses into the amorphous silicon layer 12 during the 
growth of the carbon nanotube layer 1 5, resulting in the 
metal-induction crystalized polysilicon layer 1 4 on which 
a predetermined amount of the catalytic metal remains. 

40 [0020] Then, referring to FIG. 3, after changing the 
conditions of the plasma chemical vapor apparatus from 
the plasma deposition mode to a plasma etching mode, 
the graphitic phase or amorphous carbon particles, 
which are formed during the growth of the carbon nan- 

45 otube layer 1 5, are etched away to purify the carbon na- 
notube layer 15, which results in a purified carbon nan- 
otube layer 17(1). Before the mode conversion into the 
plasma etching mode, the plasma chemical vapor dep- 
osition apparatus is completely purged with a nitrogen 

50 gas or inert gas. The processing conditions for plasma 
etching are set to be essentially the same as in the plas- 
ma deposition mode illustrated with reference to FIG. 2, 
except for the kind of plasma source gas used. 
[0021] The plasma source gas for use in the plasma 

55 etching mode may be a gas containing a halogen ele- 
ment such as F, CI or Br, or an oxygen-containing gas. 
In the present embodiment, a fluorine-containing gas, 
for example, a carbon tetrafluoride (CF 4 ) gas is used. 
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Fluorine ions separated from the carbon tetrafluoride 
gas produces a highly volatile carbon fluoride series gas 
(CF n ) by reaction with carbon ions. The ionized fluorine 
is liable to react with carbon ions decomposed from the 
graphitic phase or amorphous carbon particles that 
have less binding force than the carbon nanotube layer 
15, so that the graphitic phase or amorphous carbon 
particles can be removed with a high etching selectivity 
from the carbon nanotubes. 

10022] Then, referring to FIG. 4, the plasma etching 
mode illustrated with reference to FIG. 3 is changed into 
the plasma deposition mode. Here, the plasma chemical 
vapor deposition apparatus is purged to completely re- 
move fluorine ions from the apparatus. The plasma dep- 
osition mode is carried out under the same conditions 
illustrated previously with reference to FIG. 3, which re- 
sults in another carbon nanotube layer 1 5 on the purified 
carbon nanotube layer 1 7(1 ). 

[0023] Then, referring to FIG. 5, the plasma deposi- 
tion mode of FIG. 4 is changed into the plasma etching 
mode. Here, the plasma chemical vapor deposition ap- 
paratus is completely purged. The plasma etching mode 
is carried out under the same conditions illustrated with 
reference to FIG. 3, which results in anther purified car- 
bon nanotube layer 1 7(2). 

[0024] Referring to FIG. 6, the plasma deposition 
mode and the plasma etching modes, which have been 
previously described, are repeated mimes. The number 
of repetitions is appropriately determined in considera- 
tion of the thickness of the final carbon nanotube layer, so 
[0025] FIG. 7 is a scanning electron microscope 
(SEM) image of the plane of the carbon nanotubes 
formed in the preferred embodiment of the present in- 
vention. FIG. 8 is a SEM image of a vertical section at 
a different magnification of the carbon nanotubes 35 
formed in the preferred embodiment of the present in- 
vention. As shown in FIG. 8, carbon nanotubes are well 
aligned over a substrate. 

[0026] FIG. 9 is a transmission electron microscope 
(TEM) image of the carbon nanotubes formed in the pre- 40 
ferred embodiment of the present invention. In FIG. 9, 
highly tangled filaments are shown. FIG. 1 0 is a magni- 
fied TEM image of the carbon nanotubes formed in the 
preferred embodiment of the present invention. In FIG. 
10, single-walled carbon nanotubes are tangled in bun- 45 
dies with very high density. 

[0027] FIG. 1 1 is a graph comparatively showing field 
emission properties between the carbon nanotubes 
formed in the preferred embodiment of the present in- 
vention and the carbon nanotubes formed by a conven- so 
tional method. The conventional method refers to a 
technique of continuously growing a carbon nanotube 
layer, without alternately applying the plasma deposition 
mode and the plasma etching mode, unlike the present 
invention. The field emission properties were measured 55 
for a field emission electrode having a unit area of 1 cm 2 . 
It can be concluded from FIG. 11 that the purification of 
the carbon nanotubes by removing the graphitic phase 



or amorphous carbon particles from the tips or the side- 
walls of the carbon nanotubes enables a high current 
emission at a low electric field. 
[0028] The methods of form ing carbon nanotubes ac- 
5 cording to the present invent© n can easily grow carbon 
nanotubes with a high density using, for example, a 
methane gas as a source gas under a high-density plas- 
ma condition. In addition, the graphitic phase or amor- 
phous carbon particles, which are formed during the 
10 growth of the carbon nanotubes, can be removed easily 
by repeating the plasma deposition mode and the plas- 
ma etching mode, which results in carbon nanotubes 
having good field emission properties. 
[0029] While this invention has been particularly 
15 shown and described with reference to preferred em- 
bodiments thereof, it will be understood by those skilled 
in the art that various changes in form and details may 
be made therein without departing from the spirit and 
scope of the invention as defined by the appended 
20 claims. 



Claims 

1. A method of forming carbon nanotubes, compris- 
ing: 

growing a carbon nanotube layer on a substrate 
to have a predetermined thickness by plasma 
deposition; 

purifying the carbon nanotube layer by plasma 
etching; and 

repeating the growth and the purification of the 
carbon nanotube layer. 

2. The method of claim 1 , wherein growing the carbon 
nanotube layer is carried out by a plasma chemical 
vapor deposition method at a high plasma density 
of 10 11 cm' 3 or more. 

3. The method of claim 1 , wherein the substrate is an 
amorphous silicon or polysilicon substrate on which 
a catalytic metal layer is formed. 

4. The method of claim 1 , wherein in the growth of the 
carbon nanotube layer, a hydrocarbon series gas is 
used as a plasma source gas, the temperature of 
the substrate is in the range of 600 to 900°C, and 
the pressure is in the range of 10 to 1000 mTorr. 

5. The method of claim 1 , wherein in purifying the car- 
bon nanotube layer, a halogen -contain ing gas is 
used as a plasma source gas for etching. 

6. The method of claim 5, wherein in purifying the car- 
bon nanotube layer, a fluorine-containing gas is 
used as a plasma source gas for etching. 
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7. The method of claim 6, wherein in purifying the car- 
bon nanotube layer, a carbon tetrafluoride (CF 4 ) 
gas is used as a plasma source gas for etching. 

8. The method of claim 1 , wherein in purifying the car- 5 
bon nanotube layer, a oxygen -containing gas is 
used as a plasma source gas for etching. 

9. The method of claim 1 , wherein in growing the car- 
bon nanotube layer, the carbon nanotube layer is w 
grown to a thickness of 3 to 300 nm at a time. 

10. The method of claim 3, wherein the carbon nano- 
tube layer is grown on a metal-induction crystallized 
polysilicon layer changed from the amorphous sili- 15 
con substrate by diffusion of a catalytic metal de- 
posited on the amorphous silicon substrate. 

11. A method of forming carbon nanotubes, in which a 
carbon nanotubes layer is grown on a substrate us- 20 
ing a plasma chemical vapor deposition method at 

a high plasma density of 1 0 11 cm* 3 or more. 

12. The method of claim 1 1 , wherein the substrate is an 
amorphous silicon or polysilicon substrate on which 25 
a catalytic metal layer is formed. 

13. The method of claim 11, wherein in the growth of 
the carbon nanotube layer, a hydrocarbon series 
gas is used as a plasma source gas, the tempera- so 
ture of the substrate is in the range of 600 to 900°C, 
and the pressure is in the range of 1 0 to 1 000 mTorr. 
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